This article introduces a novel power coordination method for the operation under restricted conditions of offshore wind power plants connected with VSC-HVDC without the use of communications between converter stations. The proposed method consists of the coordination of the Dynamic Braking Resistor (DBR) located in the Grid Side Converter (GSC) and the wind power plant in order to maintain the DC voltage stability. The coordination is achieved by means of two droop controllers, one for the GSC-DBR and another one for the offshore wind power plant. These droop gains are selected to avoid limit cycles using the describing function approach. The proposed power coordination scheme is tested and verified by means of dynamic simulations.
Minimum voltage threshold for GSC-DBR activation

Ewt
Wind turbine DC bus voltage Line Commutating Converter (LCC-HVDC) technology, for its more reduced footprint required (extremely critical offshore) and for its inherent capability for independent active and reactive power control and grid-forming capability where there is no grid available (offshore). Furthermore, recent developments on Modular Multilevel Converter (MMC) technology are bringing the efficiency of VSC-HVDC technology close to that of LCC technology [5] . The fault ride-through re-10 quirements of the system composed by a VSC-HVDC transmission system and a large offshore wind power plant or cluster of wind power plants have been captured the attention of several researchers [6, 7, 8, 9, 10, 11, 12, 13, 14] . Severe faults in the main AC grid provoke a sudden restriction of the power export capability on the onshore VSC-HVDC converter which may result in a HVDC voltage increase. In order to avoid overvoltages that could seriously damage the power converter,
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the incoming active power has to be reduced very rapidly. Different solutions have been proposed [6, 7, 8, 9, 10 , 11]:
1. Utilization of a DC resistor in the Grid Side Converter (GSC) to dissipate the excess of power [10, 11, 7, 15] . Nowadays, this DC resistor is present in the major part of HVDC offshore projects as a protection device [16] 20 2. Reduction of the power generated in the offshore wind power plant. This can be achieved by:
(a) Reducing the electrical power generated by the wind turbines. A communication signal
can be sent to all the wind turbines in order to reduce power [17] . Optionally, this can be implemented without a dedicated communication system, by using the offshore AC frequency as a communication signal, and allowing the wind turbine to provide frequency 25 response [18] . Once the wind turbine receives the power reduction signal, it can reduce the electrical power either using a chopped DC resistor, which is usually available in the wind turbine DC bus, or by reducing the turbine electrical torque [9] . The latter solution is not preferred because it causes severe mechanical loads in the wind turbine.
[17]
(b) Reducing the power generated using the HVDC power converter. This can be theoreti-
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cally achieved by reducing the voltage of the offshore AC grid emulating a short-circuit.
However, it seems to be a number of practical limitations [6] . These limitations are related to the large overcurrent which would be provoked in the offshore AC system that may not recommend such solution in practical cases.
It is worth noting that, while the solutions 2a and 2b have an unquestionable academic interest,
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it is difficult to forecast their real implementation in industrial projects. This is due to the fact that the safety of the overall system totally depends on the proper and fast operation of several cascaded communication and control systems. As solution 1 is the preferred by industrial manufacturers and project developers, the present work focuses on analyzing the proper operation of the overall system for faults in the main AC grid and operation of the system in restricted conditions. For faults in 40 the main AC grid, it will be enough to use the grid-side converter DC resistor to provide fault ridethrough capability and let the offshore system operate as there was no fault. For longer duration restricted conditions, it may also be needed to reduce the active power injected into the main AC grid. Moreover, if the restricted conditions last long enough, the mechanical power generated by the wind turbines will be mostly all reduced, since obviously the DC resistors cannot be rated for 45 continuous operation [17] . In those cases, a careful coordination between the onshore VSC-HVDC converter, offshore VSC-HVDC converter and offshore wind turbines (including pitch system and power converters) will be required, taking into account the different nature of the elements involved and the dynamic response they can provide.
The present paper addresses the mentioned power reduction issues and proposes a simple and 50 effective control approach to successfully maintain the overall system stability and smooth response.
First, an outline of the modelling and control are presented. Secondly, the power reduction coordinated scheme based on droop controls is introduced. Then, the design of droops gains is widely covered using the describing function analysis tool. The describing function allows determining the minimum controller gains that avoid the limit cycles that exist due to the limited power dissipation 55 of the dynamic braking resistors. To apply the describing function, a linear model is presented in detail (including controllers). Once the linear model is presented, a four-steps methodology based on the describing function to select the droop gains is presented. Finally, the methodology is validated in a case study and the overall system performance is analysed using dynamical simulations. Figure 1 : Analysed system and power converter control scheme 2. Electrical system modelling and control
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In this section, the wind farm and the HVDC link models and their controls. A scheme summarising the model and the different controllers can be seen in Fig. 1 .
Electric system
The system under study consists of an HVDC link based on VSC technology that connects an offshore wind power plant with the main AC grid. A GSC is connected to the AC grid by means of 65 an inductive coupling reactor. Furthermore, the GSC is equipped with an GSC-Dynamic Braking Resistor (GSC-DBR) that permits to dissipate the power that cannot be injected during AC faults. The wind turbine control is divided between the electrical control and the mechanical control.
The electrical control is composed of the WGC and the WTC control. The WGC control has an inner loop that controls the torque and the flux of the generator [19] . Torque references are given by the outer loop based on a Maximum Power Point Tracker (MPPT) algorithm that calculates the 80 torque to extract the optimal power [20] . The WTC controls the DC bus voltage and the reactive power injected into the AC grid. There is an inner current control that regulates the current thorough the coupling inductance and an upper level control based on a PI that controls the DC voltage. The controller is grid oriented using a PLL [21] . Furthermore, a WT-DBR is installed in each wind turbine. The mechanical control is a pitch controller that reacts when the electrical 85 generated power (P wt ) exceeds the power reference (P * wt ), usually the nominal power [19] .
Wind power plant voltage control
The WFC controls the wind power plant AC voltage at the coupling capacitor. The control is implemented using an inner current control that regulates the current through the inductive coupling filter and an outer control loop that controls the voltage at the shunt capacitor. The AC 90 voltage frequency is fixed at a given frequency.
HVDC Link Control
The GSC is in charge of the DC link voltage control and the reactive power injected into the grid. The DC voltage is controlled using a droop voltage controller that is designed using the 
where E 2 is the DC voltage at the GSC terminals, I
grid due to the GSC current limit. This means that the transmitted power might be not injected to the AC system and it is stored in the capacitors. Consequently, the HVDC link voltage starts 100 to rise. For short faults, it is enough to dissipate the excess power in the GSC-DBR, but for longer contingencies (e.g. the disconnection of a line) it might be not possible to evacuate the excess of power in the GSC-DBR. Therefore, the power should be reduced by the wind turbines.
The proposed power reduction method can be summarised in the following two points:
1. When the voltage at the GSC terminals (E 2 ) starts to increase due to the fault, the GSC-DBR 105 dissipates the surpass power.
2. If the fault lasts more than the time threshold specified by (t f ), a second DC voltage control is activated and reduces the power generated by the wind turbine. This controller measures the DC voltage at the WFC terminals (E 1 ) and sends a power reduction reference to the wind turbines. A wind turbine power reduction method that combines the pitch angle power 110 reduction and the WT-DBR is commented later in this section.
To increase the system reliability, the proposed method uses the HVDC DC voltage as power reduction trigger instead of a communication signal between the HVDC terminals. The GSC-DBR control and the wind farm power reduction control are implemented as proportional controllers to take advantage of the steady state error.
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The GSC-DBR dissipates the power depending on the E 2 DC voltage. The per unit of the power to be reduced is defined as
where p red 2ch is the per unit of power needed to reduce, E min 2 is the minimum voltage threshold, E max 2 is the maximum voltage threshold. This two voltages define the controller gain
The control action of this regulator is saturated between 0 and 1 due to the power dissipation 120 capability of the GSC-DBR. p red 2ch matches with the duty cycle that is sent to the transistors that control the GSC-DBR.
For the wind power plant power reduction, it is proposed to use a proportional power reduction curve similar to the GSC-HVDC characteristic. It is defined as
where p red wf is the per unit of power needed to be reduced by the wind power plant, E 
The power reduction capability of the wind farm is saturated between 0 and 1 to ensure that the dissipated power is within the wind turbine limits.
Since a communication system is not used, the GSC droop control should be tuned to react to higher voltages than the wind power plant droop characteristic. At the same time, the wind 130 power plant power reduction droop should be tuned to react when the voltage is higher than the maximum voltage that can be achieved for the GSC control (GSC droop). 
Wind farm power reduction implementation
The presented wind farm power reduction method needs to be implemented in the offshore wind power plant. The power reduction reference (p red wf ) is sent to each wind turbine through the communication system. The generated power in each wind turbine can be reduced using the pitch angle or changing the torque reference in the control system. However, due to the considerable mechanical load effort on the wind turbine when the torque reference is changed suddenly, it is suggested to activate the pitch angle. The pitch angle is combined with the WT-DBR that dissipates the power that cannot be reduced by the pitch mechanism because of its slow dynamics [17, 23] .
The power reduction method modifies the pitch controller reference as
where P wt nom is the wind turbine nominal power. The WT-DBR is controlled to reduce the amount of power that cannot be reduced by the pitch, specially during the first instants that the wind farm power reduction is activated. The power dissipated by the WT-DBR is calculated as
where P wt is the wind turbine generated power. Furthermore, the power dissipated in the GSC-DBR is calculated as
where P 
Power reduction controls tuning
The proposed power reduction method relies on a simple coordination between the GSC and the WFC droop characteristics, but some operational issues can arise if the controller gains are not properly calculated. Fig. 3 shows the system dynamics with k W T = 1 1000 . As it can be observed, a 145 limit cycle exist in the E 2 voltage due to the inappropriate gain selection. In this case, the power reduction strategy considered at wind turbine level is the WT-DBR.
The limit cycles presented in Fig. 3 occur because the control action is too aggressive and there is not an equilibrium point due to the actuator saturation (maximum power that can be dissipated (Parameters specified in Table 1) in the DBRs). To ensure the appropriate gain selection, the describing function is used. This 150 non-linear analysis tool allows to determine the existence of limit cycles (sustained oscillations) due to the system non-linearities [24] . To do so, the characteristic equation of the close loop transfer function of a linear transfer function (G(jω)) and the describing function (N) of the non-linear element (eq. 7) are analyzed. If N and G(jω) intersect, a maintained oscillation may exist.
In the present article the analysed non-linearity is the maximum power that can be injected by Figure 4: Single-phase and DC system linearised electrical model the DBRs represented by means of a saturation as
where W is the saturation amplitude and D is the input signal amplitude.
One of the most practical ways to identify the limit cycles is to plot the Nyquist diagram of the linear plant (G(jω)) and the describing function of the non-linear part (N) and analyse the intersection point. In the analysed case, it is bedded to obtain two transfer functions (G(jω)), one between the power dissipated in the WT-DBR (P ch−wt ) and voltage at the WFC terminal (E 1 ),
, and the power dissipated in the GSC-DBR (P 2ch) and the voltage at the GSC
. This model consists of: a wind turbine aggregated model, a collection grid aggregated model and a HVDC link.
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Power converters have been modelled using the averaged low-frequency model, consisting of three AC voltage source on the AC side and a current source on the DC side [25] . to the large rotor inertia [26] . The linearised wind turbine state-space model is based on [19] and it is defined as ∆ẋ w = A w ∆x w + B w ∆u w (11)
where the matrix gains are
where the state, inputs and output vectors are
where C wt is the aggregated wind turbine capacitor, E wt is the wind turbine DC bus voltage, P wt 180 is power injected by the wind turbine converter and P ch−wt is the power injected by the WT-DBR.
Wind power plant grid linearised model
The linearised wind power plant grid is modelled in qd reference frame and consists of an aggregated wind turbine inductive coupling filter impedance Z p = R p + ωL p , an aggregated π equivalent cable model, where C c is the shunt capacitor and Z n = R n + ωL n is the line impedance is the voltage at the coupling shunt capacitor, i cqd is the current through the inductance coupling filter, v tqd is the voltage applied by the WFC and P 1 is the power injected into the HVDC link.
HVDC link linearised equations 195
The HVDC link is modelled as π equivalent, where C 1 and C 2 are the shunt capacitors that is the sum of the DC capacitor filter at the converter terminals and the cable equivalent capacitor, and R 1 and L 1 is the equivalent cable resistance and inductance. The GSC-DBR has been modelled as a linearised power source. The model has been based on [28] and its state space representation
where I 1 is the current through the HVDC cable and P 2ch is the power injected by the GSC-DBR.
P f aims to simplify the linearised model, reducing the number of system inputs considering a fault as a power unbalance between the power that can be injected into the AC grid and the generated 205 power. To demonstrate the validity of this simplification, if the voltage at GSC converter terminals (E 2 ) is compared to the equivalent during a fault the error is below a 1.3%.
Linearised control equations
The control equations need to be linearised to be able to use the standard engineering tools.
The majority of the controllers are linear but the effect of the power system angle should be taken The PLL is used to orientate a control with the electrical grid angle. In the linearised model, the PLL introduces the angle deviation when the linearised system is moved from the linearisation point. The PLL linearised transfer function [29] representation is
where v xqd0 is a generic voltage, k p−pll is the PLL proportional controller gain, k i−pll is the integral controller gain and θ is a generic angle. The PLL has been tuned following [21] . 
where
and the linearised inverse transformation is,
where x is the transformed electrical variable. The transformed variables are indicated with the superscript ' c '. 
where k i−il and k p−il are the integral and proportional current controller gains and L x is a generic 230 inductance where the current is controlled. The state variables, inputs and outputs are,
The subscript " x " refers to a generic controlled variable, v hqd is the node with the highest voltage and v lqd is the voltage with the lowest voltage. ∆ei xqd is the current error, defined as the difference between ∆i * xqd and ∆i xqd . The inner loop has been tuned according to [30] .
Voltage loop controller
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The voltage loop is used to control the current across a shunt capacitor injecting a given amount of current. It requires the voltage of the capacitor and the output line current measurement. The state space representation is, 
i iqd are the current references and i oqd is the current at the output line. ∆ev xqd is the voltage error, defined as the difference between ∆v * xqd and ∆v xqd .
Wind turbine DC Voltage controller
The wind turbine DC bus voltage controller is based on a PI controller that calculates the i * pq 
Controller gains selection
As it has been shown in Fig. 5 is calculated determining the maximum voltage E 2 during normal operation as
where P nom is the power converter nominal power and E nom 2
is the E 2 voltage when P nom is injected. 
It is suggested to leave a dead-band between the calculated minimum level and the selected minimum value.
is the maximum voltage that defines the K W F . This is the most critical value due to the possible DC voltage limit cycle caused by the multiple different dynamics and controllers that are installed between the wind turbines and the WFC.
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The design of the K W F is carried out considering that all the power is dissipated in the WT-DBT, at least for a certain period as it is explained in section 3.1. It means that the voltage E 1 is controlled by using the WT-DBR. The droop gain is selected analysing the frequency response of the transfer function between the P wt−ch and E 1 . This can be obtained from the mathematical manipulation of the equations presented in Section 4.1 and 4.2 and connected following the diagram 270 presented in Fig. 5 . Fig. 6 a) shows the block diagram of the studied closed loop system. During the K W F design phase, it is assumed that GSC-DBR is not acting. Table 1 ). According to the describing function analysis on the Nyquist diagram, if the two lines are not crossing, there might not be limit cycles [24] . should be tuned in order to start to act when the E max 1 is surpassed. This minimum voltage occurs when the system transfers nominal power. It can be calculated as
It is suggested to add a dead band to this minimum threshold in order to avoid interactions between 285 controllers.
is selected using the same procedure used to determine E Saturation DF Figure 7 : Nyquist plot used to determine the limit cycle limit for the K W T gain dissipated by the GSC-DBR G 2 (jω) = E2(s) P 2ch(s) . In this case, the saturation amplitude (W) is P 2ch nom . Fig. 6 b) shows the block diagram of the studied close loop. As it can be seen in Fig. 8 the E max wt 290 should be lower than K HV = 1 500 in order to avoid limit cycles.
Simulation results
To test the proposed control scheme, a simulation scenario has been performed in MATLAB/Simulink by the GSC (e.g. due to a trip line) during 20 s, starting at t=5s and finishing at t=25s. Simulation parameters can be seen in Table 1 .
300 Fig. 9 shows the voltage and the power during the pre-fault, the fault and the recovery. As it can be observed before the fault, the droop control action is controlling the DC voltage. When the power restriction occurs, the DC voltage rises intermediately, and the GSC-DBR starts to dissipate the power that cannot be injected. Because the fault lasts more than 1 second, the WTC begins to reduce the generated power gradually. First, the pitch reference is changed to be adapted to the 305 new power reduction reference. Because the pitch mechanism has slow dynamics, the WT-DBR dissipates the power difference that cannot be reduced by the pitch during t=6s and t=10s. As it can be observed, the WT-DBR is gradually reducing the dissipated power. At t=25s, the power restriction is cleared and the system returns to work to normal conditions. The total amount of (1) Before the fault, the system is regulated by means of the GSC voltage droop.
(2) The power is not controlled due to the GSC saturation and the injected power is reduced 315 drastically. is surpassed, the GSC-DBR starts to dissipate power and a new equilibrium point is reached. Figure 9 : E 1 and E 2 voltage and power evolution (4) Because the fault lasts for more than t f , the WF power reduction starts to act and the DC voltage is moved from the GSC-DBR control to the WF power control. In point (4) a new 320 steady-state is reached.
(5) Once the fault is cleared, the system is controlled back by the GSC droop characteristic. 
Conclusion
This paper has introduced a coordinated power reduction method for faulty operation scenarios.
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The presented method allows the fault right through and the operation in restricted conditions of an HVDC link combining an GSC-DBR and the wind power plant generated power reduction capability.
The proposed solution does not require a communication system between the two converter stations.
To design the controllers, the non-linear describing function analysis tool has been used and a fourstep methodology to determine the controller gains has been presented. A linearised model of 330 the HVDC link is presented and used to analyse the controller. The coordinated power reduction scheme has been evaluated under computer-based dynamic simulation and the proposed scheme shows a good performance.
